Many marine fish harbor luminous bacteria as bioluminescent symbionts. Despite the diversity, abundance, and ecological importance of these fish and their apparent dependence on luminous bacteria for survival and reproduction, little is known about developmental and microbiological events surrounding the inception of their symbioses. To gain insight on these issues, we examined wild-caught larvae of the leiognathid fish Nuchequula nuchalis, a species that harbors Photobacterium leiognathi as its symbiont, for the presence, developmental state, and microbiological status of the fish's internal, supraesophageal light organ. Nascent light organs were evident in the smallest specimens obtained, flexion larvae of 6.0 to 6.5 mm in notochord length (NL), a developmental stage at which the stomach had not yet differentiated and the nascent gasbladder had not established an interface with the light organ. Light organs of certain of the specimens in this size range apparently lacked bacteria, whereas light organs of other specimens of 6.5 mm in NL and of all larger specimens harbored large populations of bacteria, representatives of which were identified as P. leiognathi. Bacteria identified as Vibrio harveyi were also present in the light organ of one larval specimen. Light organ populations were composed typically of two or three genetically distinct strain types of P. leiognathi, similar to the situation in adult fish, and the same strain type was only rarely found in light organs of different larval, juvenile, or adult specimens. Light organs of larvae carried a smaller proportion of strains merodiploid for the lux-rib operon, 79 of 249 strains, than those of adults (75 of 91 strains). These results indicate that light organs of N. nuchalis flexion and postflexion larvae of 6.0 to 6.7 mm in NL are at an early stage of development and that inception of the symbiosis apparently occurs in flexion larvae of 6.0 to 6.5 mm in NL. Ontogeny of the light organ therefore apparently precedes acquisition of the symbiotic bacteria. Furthermore, bacterial populations in larval light organs near inception of the symbiosis are genetically diverse, like those of adult fish.
Members of 12 families of marine teleost fish, representing six orders, form bioluminescent symbioses with luminous bacteria. Many of these fish are abundant in the marine environment and geographically widespread and play important roles in marine ecosystems (14, 17, 22, 24) . The fish maintain their bacteria in gland-like tissue complexes called light organs, the anatomical diversity of which among different fish reflects the evolutionary diversity of these animals (17, 47) . The fish is thought to provide its bacteria, which are extracellular and typically a single species within each fish family, with oxygen and nutrients for luminescence and reproduction. The animal uses the bacterial light for signaling, avoiding predators, and attracting prey (e.g., see references 20, 24, 32-35, 37, and 46) . Growth of the bacterial population within the light organ leads to a release of excess cells from the light organ into the seawater (23, 41) , from which the bacteria colonize various other habitats (14, 24, 40) . In the only experimental study, bacteria could be passed via seawater from adults to aposymbiotic juveniles to reinitiate the symbiosis (51) . To date, four bacterial species, Aliivibrio fischeri, Photobacterium kishitanii, Photobacterium leiognathi, and "Photobacterium mandapamensis," have been identified as bioluminescent symbionts of fish (17, 26, 48) .
Despite the abundance and ecological importance of these fish and their apparent dependence on luminous bacteria for survival and reproduction, very little is known about developmental and microbiological events surrounding the inception of their symbioses. Limited information from microscopic examinations of a few wild-caught or artificially reared specimens of early developmental stages of some fish suggests the animal acquires its symbiont early in development, prior to or during notochord flexion, and that initiation of light organ ontogeny precedes bacterial acquisition (6, 25, 28, 31, 38, 52) . However, detailed microbiological analysis of early developmental stages has not been carried out with any wild-caught bacterially luminous fish, due to the rareness with which early life history stages of these animals have been obtained. This situation leaves undefined many aspects of symbiont-host interaction at the inception of the symbiosis.
To gain insight into these issues, we collected early developmental stages of wild-caught specimens of the leiognathid fish Nuchequula nuchalis, a shallow-dwelling, coastal species, and examined them using microscopic and microbiological methods. Leiognathids bear an internal, supraesophageal light organ and typically harbor P. leiognathi as their light organ symbiont (7, 9, 12, 21, 26, 43) . The goals of the study were to identify the developmental stage at which the symbiosis begins in N. nuchalis, to determine whether initiation of light organ ontogeny precedes bacterial colonization, and to characterize the genetic diversity of bacteria initiating the association.
MATERIALS AND METHODS
Collection of fish specimens. Larval and juvenile specimens of N. nuchalis were collected at Miho Kaigan, Suruga Bay, Honshu, Japan, on 29 July, 1 August, and 3 August 2005, from the wave zone 2 to 5 m from shore (approximately 1-m depth) using a hand-towed beach seine net (1 m deep by 3 m wide by 1 m long; mesh size, 0.53 mm). The net sampled from the surface to 1 m below the surface. On 1 August, seawater temperature and salinity at the sampled sites were 25.4°C and 28.1 to 28.8 ppt, respectively. Adult specimens of N. nuchalis were collected by boat seine at Miho Kaigan and from gill nets in Suruga Bay. Specimens of N. nuchalis were identified by reference to the work of Okiyama (42) and Kimura et al. (27) . Specimens in which formation of all fin rays was not complete, less than 10.0 mm in length (standard length [SL]), were considered larvae, whereas specimens in which formation of all fin rays was complete, which were 10.0 mm (SL) and larger, were considered juveniles. Furthermore, larvae were divided into flexion stage, with a 6.0-to 6.7-mm notochord length (NL), and postflexion stage, with a 7.2-to 9.4-mm SL, respectively, based on whether the tips of the hypural bones had fully assumed a vertical position. In certain cases, larvae smaller than 7.0 mm in SL had completed notochord formation; lengths of these specimens are given as SL. Specimens of 43 mm in SL and larger were considered adults.
TEM. Light organs for examination by transmission electron microscopy (TEM), which was carried out by staff of the University of Michigan Microscopy and Image Analysis Laboratory, were dissected from larval specimens of N. nuchalis that had been preserved in Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M sodium phosphate buffer; EM Sciences, Hatfield, PA) and stored at 4°C. Light organs were washed in phosphate buffer, postfixed in buffered osmium tetroxide (1%) for 1 h, and then rinsed, dehydrated in ascending strengths of ethanol, infiltrated with propylene oxide, infiltrated with polyembed 812 epoxy resin, and polymerized. Ultrathin sections were mounted on slotted grids with a supporting membrane, double stained with lead citrateuranyl acetate, and examined with a Philips CM-100 transmission electron microscope.
Bacterial isolations. Specimens of larval, juvenile, and adult N. nuchalis to be used for bacterial isolations were kept on ice following collection and dissected aseptically to remove the light organ, which was then homogenized in sterile buffered (25 mM HEPES buffer, pH 7.25) 70% artificial seawater (39) (100 or 500 l for larval and juvenile specimens and 500 l or 1 ml for adults). Ten to five hundred microliters of the light organ homogenates, or dilutions thereof, were spread on LSW-70 agar plates (16) , which contained (per liter) 10 g tryptone, 5 g yeast extract, 350 ml double-strength artificial seawater (39), 650 ml deionized water, and 15 g agar. Bacterial strains were purified on LSW-70 agar plates, grown overnight in LSW-70 broth at room temperature, and stored in cryoprotective medium at Ϫ75°C (14) .
Strain typing. Genomic DNA was purified from 1-ml cultures of strains grown overnight at room temperature in LSW-70 broth, using the Qiagen (Valencia, CA) DNeasy tissue extraction kit.
DNA fingerprint analysis (genomotyping) was carried out by repetitive element palindromic PCR (rep-PCR) (49), essentially as described previously (13, 26) . The reaction mixture for rep-PCR contained the following (per 25-l reaction volume): 6.125 l of tissue culture-grade water (Sigma, St. Louis, MO), 5 l of 5ϫ Gitschier buffer, 0.2 l of bovine serum albumin (10 mg ml Ϫ1 ), 2.5 l of dimethylsulfoxide (100%), 3.125 l of deoxynucleoside triphosphates (10 mM), 1.25 l (each) of primers REPIR-1 (5Ј-IIIICGICGICATCIGGC-3Ј) and REP2-1 (5Ј-ICGICTTATCIGGCCTAC-3Ј) (50 nM), 2.5 l of MgCl 2 (25 mM), and 1 l of Taq polymerase (5 U l Ϫ1 ) (Eppendorf). For individual reactions, 23 l of the mixture was combined with 1.5 l of template DNA (or 2 l depending on the concentration of the DNA), prepared as described above. PCR was carried out using the Bio-Rad (Hercules, CA) iCycler, with the following conditions for rep-PCR: hot start and 2 min of denaturation at 95°C; 30 cycles of 30 s at 92°C (denaturation), 1 min at 40°C (primer annealing), and 8 min at 65°C (polymerase extension); a single additional extension step of 8 min at 65°C; and snap cooling to 4°C. Products of the rep-PCRs were separated on 1.75% agarose gels in 1ϫ TA (0.04 M Tris-acetate) buffer containing 5 l of 1% ethidium bromide at 80 V for approximately 4.5 h. Digital images of gels were captured with a Bio-Rad Fluor S Multi-imager and were examined visually. Repeated rep-PCR analysis of the same strain consistently gave the same banding pattern. Strains were identified as distinct if their DNA fingerprints differed by one or more bands.
Amplification of luxA region. The primers CWLAforPl (GTTTTAGATCAA CTGTCTAAAGGRCG) and CWLArevPl (TCAGAACCATTCGCTTCAAAT CCAAC), designed for amplification of the luxA region from P. leiognathi (26) , were used to amplify the luxA region from genomic DNA of N. nuchalis symbionts. For amplifications, Taq polymerase and reagents of the Eppendorf (Hamburg, Germany) MasterTaq kit were used with the following protocol: hot start and 2-min denaturing at 95°C; 35 cycles of 20 s at 94°C (denaturing), 15 s at 50°C (primer annealing), and 1 min at 72°C (polymerase extension); a single additional extension step of 7 min at 72°C; and snap cooling to 4°C.
DNA sequencing and merodiploidy analysis. Sequencing of the luxA amplicons, approximately 0.8 kb in length, was carried out by staff of the University of Michigan Sequencing Core using the amplification primers and dye terminator cycle sequencing on a Perkin-Elmer (Wellesley, MA) ABI 3730 or 3700 DNA analyzer. Bacterial identifications were based on an extensive GenBank data set for luxA genes of luminous bacteria (e.g., see references 2-5, 16, 26, 48, and 49). The sequencing chromatograms were examined for single or multiple discrete luxA sequence peaks to identify the presence of single versus multiple (merodiploid) lux-rib operons (4).
RESULTS
Structure of nascent light organ in N. nuchalis larvae. Larval and juvenile specimens of N. nuchalis, ranging in size from 6.0 mm in NL to 12.1 mm in SL, were collected by beach seine and examined for the presence and developmental state of an internal, supraesophageal light organ and the extent to which the light organ was colonized by luminous bacteria. Tissue consistent with a light organ, partially wrapping around the esophagus and covered dorsally by a layer of pigment, was evident in even the smallest specimens obtained, 6.0 to 6.5 mm in NL (Fig. 1) . The pigment layer presumably functions to prevent light from passing from the light organ dorsally into and through the transparent epaxial musculature of the larval fish. In specimens of this size, the stomach has not yet differentiated, and the nascent gasbladder is small and has not yet established the interface with the light organ that is characteristic of juvenile and adult leiognathids (1, 15, 19, 32, 33) .
The bulk of the light organ in larvae is composed of clusters of host cells among which open spaces are evident ( Fig. 2 and  3 ). This architecture is generally similar to the morphology of light organ tubules of the adult fish, which form the core of the light organ and house the bacteria extracellularly within the tubule lumina. The tubule lumina in larvae, however, vary widely in diameter within a single light organ, from approximately 2 to 30 m, with smaller and larger tubules often in close association. Bacterial cells are present in many of the tubules, whereas many tubules of the same light organ appear to lack bacteria ( Fig. 2 and 3) .
The bacterial cells are approximately 0.9 by 1.8 m and exhibit the double-track membranes of gram-negative bacteria (Fig. 2C) . The bacterial cells often contain one or more small spherical refractile inclusions, presumably granules of poly-␤-hydroxybutyrate, a carbon storage product formed by P. leiognathi in culture but not typically seen for P. leiognathi in symbiosis with adult fish (7, 8, 11) . The polar flagella formed by P. leiognathi grown culture (8) are not evident here, as also noted for P. leiognathi in symbiosis with adult leiognathids (12) , and bacteria experimentally released from the nascent light organ into seawater were not initially motile. Although most bacterial cells show electron opacity consistent with viability, semitrans-parent "ghost" cells are present at low frequency (Fig. 2C) ; bacterial "ghost" cells have been noted previously in light organs of various species of leiognathid fish (7, 11) . Evident here also are bacterial cells within gaps between host cells ( Fig. 2A and B).
Granular material fills many of the tubules lacking bacteria ( Fig. 2A and 3A) , and this material is less evident or lacking in those tubules containing high numbers of bacteria. In certain of the small tubules lacking bacteria, extensive microvillus-like extensions are evident ( Fig. 3B and C); in others, dense granular material is present; and in larger tubules that lack bacteria, the material appears more evenly dispersed (Fig. 3A) . Overall, these observations suggest that for larvae of N. nuchalis of 6.0 to 6.7 mm in NL, the light organ is at an early stage of development and is undergoing bacterial colonization.
Developmental stage at inception of symbiosis. Consistent with this interpretation, light organs of some larval specimens in this size range apparently lacked bacteria. To test for the presence of bacteria, we aseptically dissected the light organ, homogenized it to release bacteria, and then spread all or a portion of the homogenate on plates of seawater-based agar medium to allow bacteria present to reproduce and form colonies. Light organs of certain of the smallest specimens examined, 6.0 to 6.5 mm in NL, yielded no colonies, luminous or nonluminous, whereas light organs of other specimens of 6.5 mm in NL and all specimens of 6.6 mm in NL and larger harbored large populations of luminous bacteria (Table 1; Fig. 2). These results indicate that inception of the symbiosis apparently occurs in flexion larvae of 6.0 to 6.5 mm in NL. Therefore, initiation of light organ ontogeny apparently precedes the host's acquisition of symbiotic bacteria.
The bacterial colonies arising from the light organ homogenates of larval and juvenile specimens were luminous, as were those of adults, and in all cases except one (described below), the luminescence and morphology of the bacterial colonies were characteristic of P. leiognathi, the bacterial symbiont typically present in light organs of leiognathids (12, 16, 26, 43) . Nonetheless, to confirm the identity of these bacteria, we sequenced the luxA gene of strains representative of each strain type (see below) from each larval, juvenile, and adult specimen. The luxA gene sequence distinguishes among all known species of luminous bacteria (e.g., 4, 5, 26, 48, 49) and therefore provides a rapid and effective means of confirming species identifications. All examined strains (with the exception described below) were confirmed by this method to be members of P. leiognathi (Table 1) .
Bacterial population diversity in larval light organs. Populations of P. leiognathi in light organs of adult leiognathids are composed typically of a few to several genetically distinct strain types (16) . Whether this diversity is acquired at the inception of the symbiosis, by primary colonization of the nascent light organ by genetically distinct strains, or results from secondary colonization events over time by different strains is not known. To distinguish between these possibilities, we examined the To identify the number of distinct strain types in each light organ population, strains from each larval specimen (Table 1) were typed by rep-PCR, a DNA fingerprinting (genomotyping) method (13, 50) . An example of DNA fingerprinting of strains, for bacteria from the light organ of the larval specimen lnuch.40, is shown in Fig. 4 . This population analysis revealed that light organs of larval N. nuchalis carried from one to six different strain types (n ϭ 15 larval specimens), an average of 2.8 strain types per specimen. These values are similar to those reported previously for symbiont populations of adult leiognathid fish, from one to five different strain types (n ϭ 26), an average of 2.6 types per specimen (16) . Light organs of adult specimens of N. nuchalis apparently contained a somewhat greater diversity of strains, from 3 to 7 different strain types (n ϭ 5 adult specimens), an average of 4.0 types per specimen (Table 1 ), but this difference might be due to the smaller sample size. Regardless, bacterial populations in light organs of N. nuchalis near inception of the symbiosis commonly are composed of multiple genetically distinct strains, and the extent of symbiont population diversity in light organs of larvae is similar to that in adult fish. Primary colonization of the nascent light organ by multiple genetically distinct strains therefore apparently accounts for the symbiont population diversity seen in adult light organs.
Limited incidence of symbiont strain "sharing." Previously, for adult leiognathids, we found that the same symbiont strain type was only rarely present in light organs of different fish, even for specimens of the same host species collected at the same time and location (16) . This limited symbiont "sharing" suggests that the different strain type or types are not specific to individual host species. However, relatively few host specimens of the same species from the same time and place have been analyzed, leaving open the possibility that the appearance of limited strain "sharing" can be explained by small sample size. It is also possible that the different specimens of the fish examined previously acquired their symbiotic bacteria from different locations, each with different P. leiognathi strain types present.
With the many specimens of larval N. nuchalis collected from the same location over the course of a few days, we were able to avoid these caveats. The DNA fingerprinting analyses (rep-PCR gels) of symbiont populations of individual larval N. nuchalis, as well as those of juveniles and adults, were examined visually to identify strains from different host specimens that appeared similar. The genomic DNA of those strains was then reanalyzed together on a single rep-PCR gel to facilitate side-by-side comparisons between pairs or groups of strains deemed similar to each other (Fig. 5 ). This analysis revealed that symbiont strain "sharing" was rare; each symbiont population was composed almost always of completely different strains. Only a single strain type was found to be present in light organs of more than one fish, represented by strains lnuch. 31.1, lnuch.34.16 , and lnuch.36.1 from larvae caught on 1 August and lnuch.28.12 from an adult fish caught using a gill net on 30 July. This strain type accounted for 45% of the 55 examined strains from these four host specimens. In all other on November 2, 2017 by guest http://aem.asm.org/ cases, the apparent similarity of strains from different fish specimens was not supported by direct side-by-side comparisons of the genomic fingerprints (Fig. 5) ; although similar in DNA fingerprints, the other compared strains were genomotypically distinct. These results confirmed the earlier finding of limited symbiont "sharing" among adult leiognathids (16) and extended that finding to multiple specimens of a single host species near inception of the symbiosis and collected from the same general location within a span of a few days. These results therefore affirm the view that colonization of the fish's light organ appears to be random with respect to symbiont strain type (16) . Incidence of lux-rib merodiploid strains. In addition to the genetic diversity in P. leiognathi described above, many strains of this species also carry multiple copies of the lux-rib operon, an unusual case of merodiploidy in bacteria (4) . Most of the strains examined previously and found to be merodiploid for the lux-rib operon were isolated from light organs of adult leiognathid fish, but whether merodiploidy might relate in some way to symbiosis is not known. To gain insight on this issue, we compared the incidence of merodiploid strains in light organs of larval, juvenile, and adult N. nuchalis. The chromatogram of the luxA gene sequence for each strain type was examined for multiple discrete peaks, which are diagnostic of lux-rib merodiploidy (4). We found that 170 of the 249 strains from the 16 examined larvae carried a single lux-rib operon whereas 79 strains were merodiploid (Table 1) , a ratio of 2.2 to 1. Light organs of juveniles and adults also carried merodiploid strains. Adult specimens of N. nuchalis, however, had a much higher proportion of merodiploid strains than larvae. Of 91 strains from five adult specimens, 16 carried a single lux-rib operon whereas 75 were merodiploid (Table 1) , a ratio of 1 to 4.7. These results suggest that the proportion of strains carrying multiple lux-rib operons increases as the symbiosis matures.
Occurrence of Vibrio harveyi in light organ symbiosis. Light organs of most specimens of leiognathid fish carry only P. leiognathi (12, 16, 43 ; this study). Although highly specific, however, the association is not strictly exclusive to P. leiognathi; some leiognathids also harbor P. mandapamensis together with P. leiognathi (26) . Here we found that platings of the light organ homogenate of one of the larval N. nuchalis specimens, lnuch.41, yielded luminous colonies of two different kinds, suggesting the presence of two bacterial species. The morenumerous kind was typical of the bacteria from light organs of other larval, juvenile, and adult leiognathid fish in colony morphology, luminescence color and intensity, lack of distinctive pigmentation, and absence of a strong odor; representatives of this kind were identified as P. leiognathi by luxA sequence analysis ( Table 1 ). The less-numerous kind, present at approximately 15% of the total number of colonies, formed large, rapidly growing colonies of a bluer color of luminescence (compared to the more blue-green color of luminescence of P. leiognathi colonies). When strains of this kind were grown in pure culture, the colonies developed a diffusible brown pigment over time and produced a strong, putrid odor. The traits of rapid growth, blue luminescence, brown pigment, and putrid odor are characteristic of V. harveyi and related bacteria (8; P. V. Dunlap, personal observation). Twenty strains of this kind were isolated and characterized by rep-PCR DNA fingerprinting; all were genomotypically identical (data not shown). The luxA gene from two of these strains, lunch. 41 .H1 and (Table 1 ). The high incidence of strains of this kind, their luminescence, and their genomotypic uniformity are characteristic of bacteria from light organs (e.g., see references 13 and 16); they therefore are not likely to be chance contaminants arising from the gut tract. This is the first indication that V. harveyi, a bacterial species not known to be a bioluminescent symbiont, apparently can occur in the light organ habitat.
DISCUSSION
The developmental and microbiological events surrounding inception of symbiosis are central to understanding how luminous fish establish their bioluminescent associations. Here, for the leiognathid fish N. nuchalis, we show that light organ ontogeny is initiated early in development of the fish and apparently precedes acquisition of the bacteria. Microbiologically, we show that the symbiosis is initiated by multiple, genetically 39.5 (9) S (9) a NL for flexion larvae (6.0 to 6.7 mm) or SL for postflexion larvae (7.2 to 9.4 mm), juveniles, and adults. on November 2, 2017 by guest http://aem.asm.org/ distinct strains of P. leiognathi, that the same strain types are only rarely found in light organs of different host specimens, and that the association, although highly specific for P. leiognathi, is not completely exclusive of other bacteria. Because this study is based on wild-caught specimens of the fish, the results and observations reported here also provide insight into life history traits of the fish that may be critical for continuity of the association. For other bacterially luminous fish, analysis of early developmental stages has been limited to microscopy of a few experimentally reared or wild-caught specimens. Larvae from experimentally fertilized eggs of Monocentris japonica (Beryciformes: Monocentridae) were reared for 3 weeks, to a 6-mm total length, at which point they had not yet developed their mandibular light organs (52) . Incipient subocular light organs were observed in 4.1-mm-NL flexion and 5.8-mm-SL postflexion larvae of Anomalops katoptron (Beryciformes: Anomalopidae) from the plankton (28) and in a wild-caught 6.2-mm-NL flexion larva of Kryptophaneron alfredi (Beryciformes: Anomalopidae) (6) . A perianal light organ was evident in preflexion and flexion larvae of Paratrachichthys and Aulotrachichthys (Beryciformes: Trachichthyidae) collected from the plankton (25) . In these studies, the possible presence of bacteria was not reported. Bacteria were mentioned in other studies, however. A nascent supraesophageal light organ with a low number of bacteria and an interface with the gasbladder was evident in a 9.8-mm-total-length wild-caught specimen of Equula (Perciformes: Leiognathidae) (19) . Bacterial colonization of the nascent ventral light organ of larvae of Siphamia versicolor (Perciformes: Apogonidae) from the plankton was not evident in 2.4-mm-and 2.8-mm-NL preflexion specimens but was noted for a 3.5-mm-SL flexion specimen (31) . In the nascent escal light organs of two wild-caught specimens of Melanocetus murrayi (Lophiiformes: Melanocetidae), bacteria were apparently absent from the light organ of the smaller specimen (18.5 mm in SL) but were present in the light organ of the larger specimen (36.0 mm in SL), and the presence of bacteria in the larger specimen correlated with formation of a duct connecting the light organ to the environment (38) . Juveniles of N. nuchalis, reared from experimentally fertilized eggs, apparently were aposymbiotic and were able to initiate the symbiosis when presented with P. leiognathi (51) . In general, these studies indicate that ontogeny of light organs in various bacterially luminous fish begins early in fish development, in most cases apparently during preflexion or flexion stages. They suggest also that initiation of light organ ontogeny precedes coloniza- tion by the symbiotic bacteria, which presumably are acquired from the environment. The limited information on fish contrasts with an extensive literature from laboratory studies of the bacterially luminous squid, Euprymna scolopes (Sepiolida: Sepiolidae), in which developmental events both during bacterial colonization and in the absence of bacterial colonization have been investigated in detail (e.g., see references 10, 36, 44, and 45). Nonetheless, the results presented here on N. nuchalis indicate major differences with E. scolopes. The squid, which harbors A. fischeri as its symbiont, undergoes direct development, with embryos hatching as juveniles, which are morphologically similar to adults (10, 36) , whereas the fish undergoes indirect development, passing through a series of developmental steps, i.e., postembryo and preflexion, flexion, and postflexion larval stages, before attaining the juvenile stage. Shortly after hatching, the squid acquires its symbiotic bacteria, whereas the work presented here indicates that the fish apparently initiates symbiosis several days after hatching, after substantial posthatching development has occurred. Another difference is ecological; the squid hatches into the habitat where the adult squid live and therefore encounters bacteria presumably released from the local population of adult squids (29, 30, 45) . In contrast, the fish apparently hatches some distance from locations where adults live and to initiate symbiosis must migrate inshore, to a habitat where its symbiotic bacteria are more abundant (discussed below).
In flexion and postflexion larvae of N. nuchalis, the light organ system is at an early stage of development. We estimated the age of a 6.5-mm-SL postflexion larva at approximately 19 days posthatch based on the presence of 19 incremental rings on its otoliths and assuming the rings are formed daily. The nascent light organ in fish of this size is rudimentary in overall structure compared to that of adult fish (1, 7, 19) , and tissue forming it appears to be undergoing active growth, with new tubules being formed, many of which apparently are not yet colonized by bacteria. Organs closely associated with the light organ also are early in development. The stomach, which develops just posterior to the light organ, has not yet differentiated in fish of this size, and the nascent gasbladder, a key component of the leiognathid light organ system, is small and has not established the interface with the light organ that is on November 2, 2017 by guest http://aem.asm.org/ characteristic of the mature symbiosis (1, 15, 19, 32, 33) . The apparent absence of bacteria in light organs of the smaller flexion larvae of N. nuchalis indicates that inception of the symbiosis most likely occurs at a host size of 6.0 to 6.5 mm in NL and that initiation of light organ ontogeny precedes bacterial colonization.
The high degree of species-level specificity of P. leiognathi for leiognathid fish contrasts with the substantial population genetic diversity of this bacterium and the absence of bacterial strain-host species specificity (12, 16, 26, 43 ; this study). Symbiont populations in light organs of individual leiognathid fish are typically composed of multiple genetically distinct strain types. However, the same strain type occurs only rarely in light organs of different fish specimens, even for specimens of the same host species collected close to inception of the symbiosis and from the same location within a few days (16; this study). The absence of host species-related strain specificity is consistent with the lack of congruence between the phylogenies of leiognathid fish and their light organ bacteria (17) , and the rareness with which the same strain type is found in light organs of different fish specimens (16; this study) suggests the presence of extensive genetic diversity in the global population of P. leiognathi. In this regard, the similar levels of symbiont diversity in adults and in larvae indicate that the symbiosis commonly is initiated by multiple, genetically distinct bacteria; it is not necessary to invoke secondary colonization to explain symbiont population diversity in light organs of adult fish (16) . Colonization of the nascent N. nuchalis light organ therefore appears to be random with respect to P. leiognathi strain type, with aposymbiotic flexion larvae typically picking up two, three, or more different representatives of the many different strain types present in their local environment. These strains serve as founders of the symbiont population.
Whether changes occur over time in the strain composition of light organ populations of individual specimens of N. nuchalis is an open question. The complex microarchitecture of the light organ of adults, with heavily colonized tubules, efflux of excess bacterial cells from the tubules into collecting chambers, and ducts connecting the chambers to the esophagus (1, 7, 11, 19) , suggests that secondary colonization may not occur. Competition among founding strains could alter the strain composition of the light organ over time, but the diversity of strains in light organs of adults, the similar levels of strain diversity in larvae and adults, and the lack of host speciesrelated strain specificity do not appear to be consistent with a competitive succession of strain types. Clonal divergence could lead to a change in population structure, but an experimental test for clonal divergence of a strain of P. leiognathi under laboratory conditions found no detectable change in the DNA fingerprint after approximately 400 generations (4) . In this regard, the higher proportion of lux-rib merodiploid strains in adults compared to larvae is intriguing, since it might result from transposon-mediated transfer of the second lux-rib operon among strains in the symbiosis, leading to an increasing proportion of strains that are merodiploid as the symbiosis matures (4). Alternatively, merodiploid strains might have a competitive advantage in the symbiosis (4), coming to proportionally dominate a population over time. A small sample size might also be a factor, and additional work will be necessary to distinguish among these possibilities.
The identification of V. harveyi in the light organ of a specimen of N. nuchalis is unexpected. This bacterial species had not been isolated from the light organ habitat previously, and its interactions with marine animals often are pathogenic (8, 14, 22) . Whether this instance represents a rare occurrence or a more common interaction is not known, but the presence of V. harveyi in coastal waters where larvae of N. nuchalis occur (49) indicates the opportunity for this bacterium to encounter fish whose nascent light organs are in the process of being colonized. One possibility is that V. harveyi is acquired only infrequently by larvae of N. nuchalis and that the pathogenicity of this bacterium leads to death of the fish; as a consequence, larvae that have taken up this bacterium into their nascent light organs would be short-lived and therefore only rarely found. An alternative possibility is that the light organs of larval N. nuchalis sometimes are colonized by V. harveyi, which gains a temporary foothold in the light organ but is outcompeted by P. leiognathi as the light organ develops and the symbiosis matures. Regardless, the finding of V. harveyi in the light organ of a larval specimen of N. nuchalis is a further indication (26) that leiognathid light organs are not the exclusive, species-specific habitat of P. leiognathi.
Although little is known about the early life history of any bacterially luminous fish, information of this kind is central to understanding the ecological interactions between host and symbiont that ensure continuity of the association in new host generations. Particularly important is knowledge of the habitat in which the symbiosis begins, because larval stages of the fish may acquire their species and strains of symbiont in a habitat very different microbiologically from where adults are collected. In this regard, information on the life history of N. nuchalis in Suruga Bay is accumulating and leads to the following scenario. Adult N. nuchalis fish are demersal, occurring along the bottom in relatively shallow areas of the bay, typically down to an approximately 20-m depth. The adults spawn in this habitat. Currents then disperse the fertilized eggs, which are planktonic and separate (18) , out into the open waters of the bay, up to 1 to 2 kilometers offshore, where the embryos hatch and larval development begins. The preflexion larvae, which presumably are aposymbiotic, then migrate inshore over the next 15 to 20 days as they develop. When they reach the wave zone along the shoreline, as flexion larvae of approximately 6 to 6.5 mm in NL, they acquire their symbiotic bacteria and initiate the symbiosis. They continue to develop in this habitat into the postflexion and early juvenile stages. As larger juveniles, they migrate along the bottom away from the wave zone, ultimately taking up demersal existence as adults in deeper water.
In support of this scenario, preflexion larvae of N. nuchalis ranging in size from 1.6 to 4.3 mm in NL have been collected by plankton tows offshore in open waters of Suruga Bay, whereas flexion and postflexion larvae and early juveniles are found in the wave zone and typically range from 6 to 10 mm in length (rarely less than 6 mm in NL and infrequently greater than 10 mm in SL) (M. Fujino, S. Tomiyama, and A. Fukui, unpublished data). Furthermore, P. leiognathi is readily found in the wave zone along the shoreline in Suruga Bay (49), but its incidence in offshore waters of the bay appears to be very low (K. Davis, P. V. Dunlap and A. Fukui, unpublished data the bay to the wave zone along the shoreline, where the fish apparently acquires its symbiont, may be a part of the life history of this fish that is critical to continuity of the bioluminescent symbiosis. However, the ontological status and process of development of the nascent light organ in preflexion larvae of the fish have not yet been described. Therefore, although this scenario is supported by some preliminary data, testing it will require a more detailed understanding of the incidence of preflexion larvae in Suruga Bay and the developmental and microbiological status of the nascent light organs of these host specimens.
